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E-mail address: hildebrandt@chem.tu-berlin.de (PThe photocycle of the light-activated channel, channelrhodopsin-2 C128T, has been studied by res-
onance Raman (RR) spectroscopy focussing on the intermediates P380 and P353 that constitute a
side pathway in the recovery of the parent state. The P353 species displays a UV–vis absorption spec-
trumwith a ﬁne-structure reminiscent of the reduced-retro form of bacteriorhodopsin, whereas the
respective RR spectra differ substantially. Instead, the RR spectra of the P380/P353 intermediate cou-
ple are closely related to that of a free retinal in the all-trans conﬁguration. These ﬁndings imply
that the parent state recovery via P380/P353 involves the transient hydrolysis and re-formation of
the retinal–protein linkage.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
One of the proteins that are responsible for the phototaxis of the
algae Chlamydomonas reinhardtii is the microbial rhodopsin chan-
nelrhodopsin-2 (ChR2). ChR2 functions as a light-gated cation
channel which depolarizes the plasma membrane upon illumina-
tion [1,2]. The light-absorbing unit is a retinal that is covalently
linked to Lys257 via a retinal Schiff base bond. Due to its ion con-
ducting properties and superior expression in host cells, ChR2 has
gained increasing importance in optogenetics where it is used to
depolarize and activate mammalian neurons in tissues or living
animals [3–5]. One of the most recent developments in this ﬁeld
is based on the so-called step function rhodopsins. ChR2 with
mutations at position C128 or D156 are the most effective repre-
sentatives [6,7]. They afford long-lived photocycle intermediates
causing a stable step in the membrane potential after a single light
ﬂash. One of these ChR2 variants, C128T, has been previously stud-
ied by ﬂash-photolysis, infrared (IR) and resonance Raman (RR)chemical Societies. Published by E
bacteriorhodopsin; BMGY,
methanol-complex medium;
. Hildebrandt).spectroscopy [7–10]. The ﬁrst steps in the photocycle of ChR2-
C128T are similar to those of the wild type (WT) ChR2 [11,12]
(Fig. 1A). After light excitation the dark state D480 is converted
to the red-shifted species P500, which, via thermal relaxations of
the chromophore and the protein, decays to P390 upon deprotona-
tion of the retinal Schiff base. P390 constitutes an equilibrium with
the conducting state P520 in which the chromophore is re-proton-
ated. The decay of the P520 is dramatically slowed down in ChR2-
C128T by a factor of 200 compared to the WT protein. It has been
suggested that the back reaction involves the two kinetically dis-
tinguishable intermediates P480a and P480b that precede re-gen-
eration of the dark state [10]. In one of these late intermediates –
probably P480a – the chromophore tends to deprotonate under
formation of the long-lived intermediate P380. At low pH P380 is
further transformed to P353 that is stable for minutes before it
reconverts to the parental dark state. Particularly remarkable is
the UV–vis absorption spectrum of P353 which, due to its unique
ﬁne-structure, is reminiscent to that of the reduced-retro state of
bacteriorhodopsin (retro-BR) [13,14] (Fig. 2). This retro-BR is
formed upon UV irradiation or acidiﬁcation of the reduced BR after
treatment with NaBH4 but an unambiguous experimental veriﬁca-
tion of retro-retinyl structure has not been provided yet (Fig. 1C).
In the present work, we have employed RR spectroscopy for a
comparative analysis of the chromophore structures in the P353/lsevier B.V. All rights reserved.
Fig. 1. (A) Model for the photocycle of ChR2 C128T according to [10]; structural
formulas of retinal protonated Schiff base and reduced-retro retinal are given in (B)
and (C), respectively.
Fig. 2. UV–vis absorption spectra of the parent state D480 (A) and the photosta-
tionary mixture (B) of ChR2-C128T at pH 6; trace (C) displays the absorption
spectrum of reduced retro-BR. The ﬁne-structured absorption pattern related to
P353 show peaks at 338, 356, and 377 nm compared to peaks at 344, 363, and
383 nm of retro-BR.
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reduced BR. The spectral analysis provides evidence for the tran-
sient hydrolysis of the Schiff base in the P353/P380 intermediates
of ChR2-C128T.2. Materials and methods
2.1. Protein expression and puriﬁcation
Humanised cDNA of ChR2-C128T (amino acids 1-309, Accession
No. AF461397) including c-myc and 12 histidine tags at the C-ter-
minal, integrated in a pPICZ-C vector, were transformed into Pichia
pastoris strain SMD1163 according to [15] with modiﬁcations. Pro-
tein expression and puriﬁcation is described in detail in the Sup-
porting information. The protein as used for the spectroscopic
studies was solubilized in solutions containing 0.03 w/w% DDM
and phosphate- (pH 6), HEPES- (pH 7.4) or tris- (pH 9) buffer.
Puriﬁcation of purple membrane from Halobacterium halobium
strain S9 followed previously published protocols [16]. Reduced-retro
BR was prepared according to [13,14] (see Supporting information).
2.2. Resonance Raman spectroscopy
The samples were placed in a rotating cuvette to avoid photoin-
duced degradation using a set-up as described previously [17]. The
concentration of the samples was 20–40 lM for ChR2-C128T,
10 lM for BR and 20 mM for all-trans retinal experiments. The
concentrations were calculated from the extinction coefﬁcients of
e480 = 45500 M1cm1 for the dark state of ChR2-C128T [18],
e360 = 50000 M1cm1 for reduced-retro BR [13], and e380 =
42800 M1cm1 for all-trans retinal. The samples were checked
for possible laser-induced degradation by UV–vis absorption spec-
troscopy before and after the Ramanmeasurement. In addition, the
preservation the ChR2-C128T photoactivity was conﬁrmed by
exposure to blue light. In RR experiments with 351 nm excitation
(Ar+ laser), the ChR2-C128T spectra were accumulated for 2 h at
10 mW, whereas for the measurements of BR the accumulation
time was 1 h at 10 mW. To initiate the photocycle of ChR2-C128T
and to maintain a sufﬁciently high steady state concentration of
the long-lived intermediates, the samples were continuously illu-
minated by blue light (LED) during the RR measurements. All-trans
retinal wasmeasured under pre-resonance conditions with 647 nm
excitation (Kr+ laser, CCl4, 70 min accumulation time, 20 mW) to
minimize photodegradation that impairs measurements with UV
excitation (for further details, see Supporting information).3. Results
The long-lived UV-absorbing intermediates P353 and P380 of
the ChR2-C128T photocycle are accumulated under continuous
irradiation with blue light (Fig. 1A). P353 is readily identiﬁed on
the basis of its characteristic ﬁne-structured UV–vis absorption
spectrum with peaks at 338, 356 and 377 nm that are most pro-
nounced at pH 6.0 (Fig. 2B). RR spectra of such photostationary
mixtures were measured with 351 nm excitation such that reso-
nance conditions are exclusively fulﬁlled for P353 and P380. Corre-
spondingly, the parent state D480 (Fig. 2A) as well as long-lived
intermediates, present in the photostationary mixture, do not con-
tribute to the RR spectrum in Fig. 3B at this excitation line. Also
contributions of P390 can be ruled out due to the fast decay kinet-
ics of this intermediate (Fig. 1A) [10]. Previous UV–vis absorption
data showed that under photostationary conditions the relative
contribution of P380 increases with increasing pH at the expense
of P353 [10], accompanied by the loss of the vibronic ﬁne-structure
(Fig. S1, Supporting information). However, between pHs 6 and 9
and thus regardless of the relative contributions of P353 and
P380, the RR spectra do not display any spectral changes attribut-
able to the chromophore (Fig. S2, Supporting information). Thus,
we conclude that the chromophore structure of P380 is very simi-
lar to that of P353 despite the different UV–vis absorption spectra.
Fig. 3. RR spectra of the reduced retro-BR (A) and the P353 intermediate of
ChR2-C128T at pH 6.0 (B), measured with 351-nm excitation, compared with the
Raman spectrum of all-trans retinal in CCl4 solution (C) obtained with 647-nm
excitation. Bands of the buffer are labeled by ‘‘B’’.
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(retro-BR) (Fig. 2C) shows a ﬁne-structured pattern with peaks at
344, 363 and 383 nm in agreement with [13,14]. The RR spectrum
obtained from retro-BR (Fig. 3A), however, differs signiﬁcantly
from that of P353 (Fig. 3B). The prominent C@C stretching in
P353 is observed at 1579 cm1 and thus at a frequency higher by
9 cm1 than in retro-BR. There is also no match in the vibrational
band pattern between 1350 and 1150 cm1. The bands in this so-
called ﬁngerprint region originate from modes dominated by the
C–C stretching and C–H in-plane bending coordinates and are
known to be particularly diagnostic for the structure of retinal
derivatives [19,20]. Thus, we conclude that the chromophore struc-
ture is different in P353 and retro-BR. In contrast, there is a good
agreement between the RR spectrum of P353 and the pre-reso-
nance Raman spectrum of all-trans retinal (Fig. 3C). For most of
the bands in the spectrum of P353 originating from the chromo-
phore there is an exact frequency match with the respective coun-
terparts in the spectrum of the all-trans retinal indicating the
hydrolysis of the Schiff base linkage of the chromophore in P353
(and P380, vide supra) to afford a non-covalently bound retinal
in the protein pocket. This conclusion is consistent with the lack
of H/D isotopic shifts of the retinal modes (Fig. S3, Supporting
information). The few minor deviations between the spectra in
Fig. 3B and C (1011 vs. 1008 cm1 and 1202 vs. 1198 cm1) may re-
ﬂect subtle perturbations of the retinal due to interactions with the
protein environment. The RR spectrum of P353 does not display a
counterpart of the 1665 cm1 band of retinal, which originates
from a largely pure C@O stretching mode. This discrepancy can
readily be attributed to the selective enhancement of the C@Cand C–C containing modes under rigorous resonance with the
p@p⁄ transition of the polyene chromophore [21] whereas under
pre-resonance conditions the discrimination of the C@O vs. the
C@C/C–C stretchings is much weaker.
The in-phase C@C stretching mode of retinal (derivatives) is
known to be sensitive to the polarity and electrostatics of the sur-
rounding medium [22]. For all-trans retinal this mode is observed
at 1574 cm1 in ethanol but in CCl4 it shifts up by ca. 5 cm1
(Fig. 3C; [22]), i.e. to the same position as the C@C stretching of
P353 indicating a largely non-polar environment of the chromo-
phore’s polyene chain in that intermediate. The conﬁguration-
and conformation-sensitive modes in the ﬁngerprint region,
involving the C–C stretching coordinates, are dominated by two
bands at 1198 and 1163 cm1 with a shoulder on its high fre-
quency side. Here the Raman spectra of other retinal isomers dis-
play a quite different signature such as four bands of comparable
intensity at 1114, 1162, 1191, and 1222 cm1 in the 13-cis, and just
two bands at 1148 and 1200 cm1 in the 9-cis isomer [20]. There is
no indication for such bands in the RR spectrum of P353 (Fig. 3B).
Thus, we conclude that the retinal chromophore in P353 and P380
is exclusively in the all-trans conﬁguration, incorporated in a non-
polar (hydrophobic) protein pocket but without covalent linkage to
the protein.4. Discussion
4.1. Origin of the vibronic ﬁne structure
The positions of the main bands in the ﬁne-structured absorp-
tion spectra of P353 have been determined to be at 356.4 and
377.1 nm (Fig. S4, Supporting information), corresponding to an
energy difference of ca. 1540 cm1 that is close to the frequency
of 1579 cm1 of the main C@C stretching mode. Despite the simi-
larities in the UV–vis absorption spectra, the nature of the P353
intermediate in ChR2-C128T and the retro form of BR is different.
In BR, the joint action of a reducing agent (NaBH4) and subsequent
illumination in the M state presumably causes a shift of the
conjugated p bonds into the ionone ring to afford a retro-retinyl
chromophore [13,14]. In contrast, the P353 intermediate in
ChR2-C128T is transiently formed without reducing agents and
the chromophore is identiﬁed as a free retinal. This conclusion sug-
gests that the vibronic ﬁne structure of the UV–vis absorption
spectrum of P353 is not directly related to an alteration of the delo-
calised p electron system. In fact, besides for the retro-BR, such a
ﬁne structure has also been observed in BR and blowﬂy rhodopsin
containing a retinol chromophore which cannot bind covalently to
the protein [14,23,24]. Therefore, it has been suggested that the
origin of the vibronic ﬁne structure is a coplanar ring-chain orien-
tation, which in the retro-BR is brought about by the translocation
of the p electron system into the ionone ring. In protein-bound ret-
inol, such a coplanar ring-chain orientation may be induced by
geometric constraints imposed by the protein environment and
the analogous explanation may hold for the retinal in the P353
intermediate of ChR2-C128T.
4.2. Stabilisation of the free retinal in the protein pocket
In BR-bound retinol, the ﬁne-structured absorption pattern is
lost at acidic pH [25], presumably due to the alteration of hydrogen
bond interactions between the hydroxyl group in retinol and a pro-
tonated amino acid in the chromophore pocket. The opposite pH
dependent behavior is observed for P353 and P380 and may be
attributed to the stabilization of a coplanar ring-chain structure
by a protonated amino acid hydrogen bonded to the carbonyl
function of the retinal. Therefore, in addition to hydrophobic
S. Bruun et al. / FEBS Letters 585 (2011) 3998–4001 4001interactions that are indicated by the relatively low C@C stretching
frequency, hydrogen bond interactions may cause a constraint on
the retinal geometry in the protein pocket of P353. The relaxation
of this constraint in P380 is not reﬂected by changes in the RR spec-
trum consistent with the fact that resonance enhancement is lar-
gely restricted to the C@C and C–C containing modes of polyene
chain.
The formation and decay of the P353 and P380 intermediates
correspond to the hydrolysis and re-formation of the Schiff base
bond and are obviously facilitated by the hydroxyl group of
Thr128 as these intermediates are not observed in wild-type
ChR2 carrying a Cys at this position. Hydrolysis of the Schiff base
of the retinal chromophore also constitutes the ﬁnal step in the
photoinduced reaction cascade of human rhodopsin [26]. In that
case, however, the resultant all-trans retinal is subsequently re-
leased from the chromophore binding pocket via the ‘‘retinal chan-
nel’’ [27] and it requires enzymatic assistance for the isomerisation
to the 11-cis isomer and the reconstitution of opsin to a functional
photoreceptor. In ChR2-C128T, the retinal is more tightly bound in
the protein which allows re-formation of the retinal Schiff base
after structural relaxation of the protein. Note that the recovery
of the parent state is slow even in WT ChR2 although no transient
hydrolysis of the Schiff base is involved [11].
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